The Ras/Raf/MAP kinase (ERK) pathway is a major signaling pathway induced by growth factors in mammalian cells. Two other types of mammalian MAP kinases, JNK (SAPK) and p38 (RK, CSBP), are induced by environmental stress. Although the immediate-early gene, egr-1, is induced by growth factors, cytokines, dierentiation signals and DNA damaging agents, less is known about its induction by environmental stress and the mechanism involved. Here we report that in NIH3T3 cells, egr-1 is induced by various stress treatments such as heat shock, sodium arsenite, ultraviolet (U.V.) radiation, and anisomycin. p38 and JNK1, but not ERK2, were activated by these stress treatments. Induction of egr-1 by anisomycin is inhibited by a speci®c inhibitor of p38, SB 203580. We also show that p38 and JNK1 activated by their upstream kinases induce egr-1 promoter activity through activation of the ternary complex factor, Elk-1. The stress treatments also lead to an increase in Egr-1 protein phosphorylation and its DNA binding activity. Together, our data suggest that induction of egr-1 gene by growth factors and stress are mediated through dierent subgroups of MAP kinases which may also dierentially aect egr-1 function on its target genes.
Introduction
Activation of receptor tyrosine kinases by binding of growth factors to their receptors stimulates proliferation and dierentiation in mammalian cells. The mitogen-activated protein kinase (MAPK) cascade is considered to be a major signaling pathway which links signals from the cell surface to the nuclear events in these processes (for review see Hill and Treisman, 1995) . This signaling pathway involves transient formation of ras-GTP and activation of raf kinase at the membrane, sequential activation of MAPK kinase (MAPKK) and MAP kinase (MAPK)/extracellular signal-regulated protein kinase (ERK) (Marshall, 1994; Leevers et al., 1994; Stokoe et al., 1994) . ERKs translocate to the nucleus, phosphorylate and thus activate the transcription factor p62 TCF (Shaw et al., 1989) , which forms a ternary complex with serum response factor (SRF) and serum response element (SRE), and activates the expression of immediate-early genes, such as c-fos and egr-1, which contain SRE in their promoters (for review see Treisman, 1995) .
Two new types of mammalian MAP kinases which are activated by environmental stress and proin¯ammatory cytokines were recently identi®ed. The c-Jun NH 2 -terminal kinase (JNK) group of MAP kinases, also known as stress-activated protein kinases (SAPKs), have been shown to be activated by interleukin-1 (IL-1), tumor necrosis factor (TNF) and U.V. radiation (Kyriakis et al., 1994; DeÂ rijard et al., 1994) . JNK binds to the amino terminus of c-jun and phosphorylates it on serine residues 63 and 73 (Hibi et al., 1993) . The third group of MAP kinases, p38, is activated in murine cells by endotoxic lipopolysaccharide (LPS) or hyperosmolarity (Han et al., 1994) . Homologs of p38 MAP kinase in human cells (CSBP) and Xenopus oocytes (Mpk2) have also been identi®ed Rouse et al., 1994) which are very similar to the osmosensing MAPK, HOG1, in yeast. The p38 kinase was also independently puri®ed by two groups as reactivating kinase (RK) in sodium arsenite-treated PC12 pheochromocytoma cells and heat-shocked HeLa cells (Rouse et al., 1994) , or as a 40 kDa kinase (p40) in IL-1-stimulated KB cells (Freshney et al., 1994) . Although ERKs, JNKs and the p38 kinase family are closely related, they are distinguishable by their speci®c regulatory TXY motif in which X represents glutamic acid in ERKs, proline in JNKs, and glycine in p38 Payne et al., 1991; Raingeaud et al., 1995) . These kinases are all activated by dual phosphorylation on Thr and Tyr within this motif and each group has both unique and overlapping upstream activators and downstream substrates (Brunet and PouysseÂ gur, 1996; Wang and Ron, 1996) .
The immediate-early gene egr-1 (also known as NGFI-A, zif268, TIS8 and krox-24) encodes a transcription factor containing a DNA binding domain consisting of three zinc ®ngers Milbrandt, 1987; Christy and Nathans, 1989b; Lim et al., 1987; Lemaire et al., 1988) . The egr-1 protein (Egr-1) binds to a speci®c GC-rich sequence in the promoter region of many genes to regulate the expression of these target genes including growth factors and cytokines (Christy and Nathans, 1989a; Cao et al., 1993) . The egr-1 gene is rapidly and transiently induced by growth factors and differentiation signals Milbrandt, 1987) and is functionally implicated in cell proliferation and dierentiation processes (Hill and Treisman, 1995; Sukhatme et al., 1988; Nguyen et al., 1993) . The egr-1 gene has been reported to be induced by TNF and IL-1 (Cao et al., 1992a) , and serine/threonine protein phosphatase inhibitor, okadaic acid (Herschmann et al., 1989; Cao et al., 1992b) , which are known stimulators of p38 and JNK (Kyriakis et al., 1994; DeÂ rijard et al., 1994; Rouse et al., 1994; Freshney et al., 1994; Cano et al., 1994) . In addition, egr-1 is also induced by diverse types of DNA-damaging agents such as U.V. light , ionizing radiation (Hallahan et al., 1991; Datta et al., 1992) , and 1-(b-D-arabinofuranosyl) cytosine [(ara-C) Kharbanda et al., 1993] . Since these DNA-damaging agents also activate JNK (Kharbanda et al., 1995a,b; Chen et al., 1996) and p38 (Pandey et al., 1996) , it is possible that JNK and p38 are involved in the egr-1 induction by these agents. However, less is known about the egr-1 induction by environmental stress and the mechanisms of induction involved. To investigate the role of egr-1 in the cellular response to stress, we tested the eects of a variety of environmental stresses on the egr-1 expression and analysed the possible signaling pathways involved. Here, we report that both the mRNA and protein levels of egr-1 are increased after various stress treatments, such as heat shock, sodium arsenite, anisomycin and U.V. radiation in NIH3T3 cells. Our results indicate that p38 and JNK, but not ERK2, are involved in the induction of egr-1 by stress, suggesting that dierent MAPK pathways are involved in egr-1 expression induced by growth factors and stress factors.
Results

Induction of egr-1 mRNA by stress treatments in NIH3T3 cells
To examine whether egr-1 expression can be induced by various stresses, quiescent NIH3T3 cells were treated with heat (428C), anisomycin (25 ng/ml), U.V. (40 J/m 2 ), and sodium arsenite (500 mM). Sodium arsenite mimics the eects of heat shock by inducing the expression of several heat shock factors (Johnston et al., 1980) and is an activator of p38 (Rouse et al., 1994) . Anisomycin, on the other hand, is reported to be an activator of JNKs (Cano et al., 1994) . Total RNA was isolated and subjected to Northern blot analysis. A low level of egr-1 mRNA was detectable in the untreated cells (lane 1 in Figure 1a ), or (d) sodium arsenite (500 mM) for the time periods indicated in minutes (min) on top of each panel. Total RNA was isolated and equal amounts (10 mg) were subjected to Northern blot analysis as described in Materials and methods. egr-1 mRNA is shown in the upper panels. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used to normalize the amount of RNA loaded and is shown in the lower panels. The numbers at the bottom of each panel indicate the fold of egr-1 induction as compared to control normalized by GAPDH by dierent doses of sodium arsenite was also examined and the result showed that the egr-1 mRNA was induced by concentrations as low as 5 mM, increased dose-dependently up to 100 mM with no further increase beyond 100 mM (not shown). Together, these results indicate that egr-1 mRNA can be induced by heat shock, anisomycin and U.V. transiently and by sodium arsenite persistently.
Induction of Egr-1 protein by stress treatments
To determine whether Egr-1 protein was also induced by stress, quiescent NIH3T3 cells were labeled with 35 Smethionine for 1 h and subsequently treated with sodium arsenite for 1 h. The labeled Egr-1 protein was immunoprecipitated with an anti-Egr-1 polyclonal antibody and the immunoprecipitates were resolved by SDS ± polyacrylamide gel electrophoresis (SDS ± PAGE). A fourfold increase in Egr-1 protein synthesis was observed after treatment of the cells with sodium arsenite for 1 h ( Figure 2a , lane 2). Serum was used for comparison (lane 3) since it is known to induce both egr-1 mRNA and Egr-1 protein synthesis Cao et al., 1990) . The induction of Egr-1 protein synthesis by sodium arsenite at various time points was also measured by direct Western blot analysis. A signi®cant increase of Egr-1 protein (indicated by arrows) was detected after 60 min of sodium arsenite treatment which reached a peak at 90 min, and decreased after 2 h (Figure 2b ). The migration of Egr-1 protein notably shifted above 80 kDa and appeared as a complex of 82 ± 84 kDa after 60 min, reached a maximum at 90 min and decreased after 120 min of arsenite treatment ( Figure  2b , lanes 4 ± 6). This complex represents the hyperphosphorylated forms of Egr-1 which is similar to that observed in the okadaic acid-treated cells as reported previously (Cao et al., 1992b) . The transient induction of Egr-1 protein by sodium arsenite in contrast to the sustained induction of mRNA could be due to a partial inhibition of the protein synthesis by sodium arsenite. The three bands below the Egr-1 detected in the Western blot (Figure 2b ) are proteins recognized nonspeci®cally by Egr-1 polyclonal antibody. Similarly, Egr-1 protein synthesis and hyperphosphorylation were also induced by heat shock at 428C (data not shown). Together, these data indicate that in addition to egr-1 mRNA and protein, the phosphorylation of Egr-1 protein are also induced in NIH3T3 cells by various stress treatments.
Activation of p38 and JNK1 by sodium arsenite and U.V., but not by PDGF in NIH3T3 cells
To identify which MAP kinases are activated speci®cally in response to stress and thus likely to be involved in egr-1 induction, activation of p38, JNK1, and ERK2 in NIH3T3 cells were investigated. Since members of the MAP kinase families are known to be activated by dual phosphorylation on Tyr and Thr Payne et al., 1991; , we examined the activation of these kinases by checking their Tyr-phosphorylation status using a combination of immunoprecipitation and Western blot (IP/Blot) techniques. Platelet-derived growth factor (PDGF) strongly activates ERKs and was used as a positive control in our experiments. Quiescent NIH3T3 cells were treated with PDGF, U.V., or sodium arsenite for various times, and the cells were lysed, and incubated with either anti-p38, JNK1 or ERK2 antibody. The immunoprecipitated proteins were separated by SDS ± PAGE, transferred onto a PVDF membrane, and probed with an anti-phosphotyrosine antibody, 4G10. The results showed that no activation of p38, JNK1 and ERK2 (lane 1 in Figure 3a ± c, lane 8 in Figure 3a ± b, upper panels) or low level of ERK2 activation ( Figure 3c , lane 8, upper panel) was observed in untreated control cells, whereas strong activation of p38 ( Figure 3a ) and JNK1 ( Figure 3b ) was detected in both sodium arsenite and U.V. treated cells. The activation of p38/JNK1 by U.V. was observed after treatment of the cells for 15 min, reached maximum at 30 min and decreased at 60 min (Figure 3a ± b, lanes 5 ± 7). In contrast, p38 activation by sodium arsenite was observed at 30 min ( Figure 3a , lane 10), and continued to increase at 60 min (lane 11), and 120 min (lane 12), and sustained up to 3 h (lane 13), whereas the activation of JNK1 was detected at 30 min increased at 60 min, and further increased at 2 and 3 h (Figure 3b , lanes 10 ± 13). On the other hand, PDGF did not stimulate p38 or JNK1 (Figure 3a and b, lanes 2 ± 4), but strongly stimulated ERK2 ( Figure  3c , lanes 2 ± 4). U.V. (Figure 3c , lanes 5 ± 7) and S-methionine (0.25 mCi/ml) for 1 h and treated with (lane 2) or without (lane 1) sodium arsenite (10 mM), or with 20% fetal calf serum (lane 3) for 60 min. The cell lysates were immunoprecipitated with an anti-Egr-1 polyclonal antibody . The immunoprecipitates were resolved by 7.5% SDS ± PAGE and the gel was dried and autoradiographed. (b) Western blot analysis of Egr-1 protein. NIH3T3 cells were untreated (lane 1) or treated with sodium arsenite (50 mM, lanes 2 ± 8) for the time indicated in min. The cells were lysed and equal amount of protein (22 mg) were loaded onto a 7.5% SDS ± PAGE, transferred to a PVDF membrane and blotted with an anti-Egr-1 antibody, 588, raised against its C-terminus. The position of Egr-1 protein is indicated by arrows and the hyperphosphorylated Egr-1 protein is indicated as Egr-1 (HP). The molecular mass markers are shown on the right arsenite (lanes 9 ± 13) treatments did not activate ERK2 signi®cantly. These blots were stripped and reprobed with their respective antibodies used for immunoprecipitation to show the amount of proteins present in each lane (Figure 3a ± c, bottom panels).
Aliquots of the cell lysates treated with PDGF or U.V. were also subjected to direct Western blot analysis to monitor the induction of Egr-1 protein synthesis. The induction of the Egr-1 protein and its hyperphosphorylation were also detected and shown in Figure 3d .
These data demonstrated that in NIH3T3 cells, sodium arsenite and U.V. activated p38 and JNK1, but not ERK2. Therefore, ERK2 is not involved in the induction of egr-1 by these stress treatments. Instead, activation of p38 and JNK is most likely to be involved in egr-1 induction by stress. The observation that U.V. induces transient activation of p38/JNK and egr-1 Figure 3 Tyrosine phosphorylation of p38, JNK1 and ERK2. NIH3T3 cells were left untreated (lanes 1 and 8) or treated with PDGF (50 ng/ml, lanes 2 ± 4), U.V. (40 J/m 2 , lanes 5 ± 7), or sodium arsenite (500 mM, lanes 9 ± 13) for time periods in min as indicated on top of each ®gure. Cell lysates were subjected to immunoprecipitation (IP) by appropriate antibodies (anti-p38 in a, anti-JNK1 in b and anti-ERK2 in c). The immunoprecipitates were resolved by 10% SDS ± PAGE, transferred to PVDF membrane and blotted with an anti-P-Tyr antibody (4G10) or other appropriate antibodies as indicated on the left of each ®gure (BLOT). (d). Western blot analysis of egr-1 protein. 30 mg of total cell lysates were separated by 7.5% SDS ± PAGE and subjected to direct Western blot analysis using anti-egr-1 (588) antibody expression, whereas sodium arsenite induces a sustained p38/JNK activation (Figure 3a and b) and egr-1 expression (Figure 1 ), indicates a good correlation between these two responses and further suggests the involvement of p38/JNK in egr-1 induction by stress. Since sodium arsenite mimics the eect of okadaic acid , which induces a sustained egr-1 expression (Cao et al., 1992b) , the mechanism of the sustained egr-1 induction by sodium arsenite may therefore involve the inhibitory eect of serine/ threonine phosphatases on the dephosphorylation of p38/JNK.
To con®rm that the tyrosine phosphorylation of p38 and JNK1 corresponds to their enzymatic activity, the p38 and JNK1 kinase activities were analysed. Transcription factors ATF2 and c-Jun are known to be phosphorylated by p38 and JNK1 respectively (DeÂ rijard et al., 1995; Hibi et al., 1993) . Quiescent NIH3T3 cells were treated with U.V., sodium arsenite (ARS) or anisomycin (ANI) and the cell lysates were immunoprecipitated with either the anti-p38 or anti-JNK1 antibody. Half of the immunoprecipitates were assayed for phosphorylation of GST-ATF2 (Figure 4a , upper panel) and GST-c-Jun (Figure 4b , upper panel) for kinase activity of p38 and JNK1 respectively, whereas the other half was used for examining their tyrosine phosphorylation by IP/Blot (middle panels). Basal level of GST-ATF2 phosphorylation was observed which was enhanced by U.V. and anisomycin strongly and by sodium arsenite weakly (Figure 4a , upper panel). Correspondingly, the tyrosine phosphorylation of p38 was increased strongly by U.V. and anisomycin treatment, but weakly by arsenite (middle panel). Similarly the correlation between JNK1 kinase activity and its tyrosine phosphorylation was also shown (Figure 4b ).
Eects of p38 inhibitor SB 203580 on egr-1 induction by various stress treatments
Since the stress treatments tested above stimulated p38 and JNK1 activity, we evaluated the role of p38 on egr-1 gene induction by stress using its speci®c inhibitor, SB 203580 (Cuenda et al., 1995) . Quiescent NIH3T3 cells were pre-treated with or without SB 203580 (20 mM) for 15 min followed by treatments of PDGF, U.V., sodium arsenite, or anisomycin for 45 min. Strong induction of egr-1 by anisomycin (Figure 5a , lane 9) was inhibited signi®cantly (more than 50%, lane 10) and only slightly inhibited by U.V.
(lanes 5 and 6). In contrast, SB 203580 did not inhibit egr-1 induction by PDGF (lanes 3 and 4) . Surprisingly, SB 203580 did not inhibit egr-1 expression induced by sodium arsenite but rather enhanced it further (lanes 7 and 8). To further analyse which MAP kinases are involved in egr-1 induction by the individual stress factor, the eects of SB 203580 on p38 and ERK2 activation were also examined by IP/Blot experiment. NIH3T3 cells were treated as described above, and the cell lysates were incubated with anti-p38 or -ERK2 antibody. The immunoprecipitates were probed with anti-phosphotyrosine antibody, 4G10. The results showed no activation of p38 by PDGF with or without pre-treatment of SB 203580 (Figure 5b , lanes 3 and 4) as expected. U.V.-, anisomycin-and sodium arsenite-activated p38 (lanes 5, 7 and 9) was inhibited by SB 203580 (lanes 6, 8 and 10). Interestingly, SB 203580 aects the ERK2 activity by enhancing its tyrosine phosphorylation in cells treated with PDGF ( Figure 5c , compare lanes 4 to 3), anisomycin (lanes 8 to 7), and sodium arsenite (lanes 10 to 9). These enhancements observed in PDGF-and sodium arsenite-treated cells in the presence of the inhibitor SB 203580 may cause the increase of egr-1 mRNA shown in the Northern blot analysis (Figure 5a , lanes 3 and 4; lanes 7 and 8). No inhibition of JNK1 by SB 203580 was observed (not shown) which is in agreement with that reported previously (Wang and Ron, 1996) . We also tested the eect of SB 203580 on heat shock-induced egr-1 expression and the results were similar to that of sodium arsenite treatment (data not shown). In summary, by using the p38 speci®c inhibitor SB 203580, we further showed that p38 may be mainly involved in egr-1 induction by anisomycin, The ternary complex factor TCF binds to SRF and the c-fos SRE upon stimulation by growth factors and activates c-fos gene expression (for review see Treisman, 1995) . It has been reported that Elk-1, a member of the TCF family, is phosphorylated and therefore activated by ERK as well as p38 (Janknecht et al., 1993; Whitmarsh et al., 1997) . There are six core sequences of SRE present in the promoter region of egr-1 gene and four SREs at 5' region of egr-1 promoter are shown to be important for growth factor and serum induction Christy et al., 1988) . We next investigated whether p38 can activate egr-1 promoter and whether the eect was mediated through the activation of Elk-1 by transient transfection experiments. MAP kinase kinase 3 (MKK3), has been reported to phosphorylate and activate p38 in mammalian cells (DeÂ rijard et al., 1995) . The plasmid pEGR-1.1.2-CAT containing approximately 1 kb of the egr-1 promoter sequence upstream of the reporter CAT gene was co-transfected with pcDNA3.p38 expressing p38, either alone or together with plasmid pMKK3(E) expressing a constitutively activated mutant of MKK3, into NIH3T3 cells in the absence or presence of Elk-1 expressing plasmid, MLV-Elk-1. The transfected cells were harvested and CAT activities were measured. As shown in Figure 6a , egr-1 promoter activity did not increase when cells were transfected with MLV-Elk-1 (lane 2), or pcDNA3.p38 (lane 3) alone, or together (lane 4). However, the promoter activity of reporter plasmid was increased threefold by co-transfection of pcDNA3.p38 and pMKK3(E) (lane 5), and further enhanced (®vefold) in the presence of MLV-Elk-1 (lane 6). Furthermore, as a control, we observed an increase in egr-1 promoter activity when the cells were co-transfected with plasmids of ERK2 and its upstream kinase, MEK1 (Mansour et al., 1994) , but did not see any increase in the cells co-transfected with p38 and MEK1 (data not shown). These results suggest that the egr-1 promoter activity was stimulated via the activation of p38 by MKK3 speci®cally. To further verify this, the phosphorylation of p38 by MKK3 was examined by IP/Blot experiments. We observed an increase in p38 tyrosine phosphorylation only when it was co-transfected with pMKK3(E) in the absence (Figure 6b , upper panel, lane 5) or presence of Elk-1 (lane 6).
To further investigate the involvement of Elk-1 in egr-1 gene expression regulated by p38, the activation of Elk-1 by p38 was tested in mobility shift DNA binding assays. NIH3T3 cells were co-transfected with p38 and/or Elk-1 alone or together with MKK3 and the whole cell lysates were prepared and mobility shift DNA binding assays were performed using the most 5' SRE (SRE6) in egr-1 promoter as a probe. Low level of the ternary complex (TC) was detected in cells transfected with control plasmid (Figure 6c , lane 1) and increased slightly in cells transfected by either Elk-1 alone (lane 2), p38 alone (lane 3), p38 and Elk-1 (lane 4), or p38 and MKK3 together (lane 5). The amount of ternary complex (TC) increased ®vefold when the cells were co-transfected with MKK3, p38, and Elk-1 (lane 6). The formation of ternary complex was also increased (threefold) when cells co-transfected with p38 and Elk-1, were stimulated with U.V. (lane 7). Serum treatment of the cells transfected with plasmid expressing ERK2 and Elk-1 showed ternary complex formation with fourfold increase and served as a positive control (lane 8). Taken together, these data indicate that MKK3 activates p38 which speci®cally induces egr-1 expression through the activation of Elk-1.
JNK1 also stimulates egr-1 promoter activity
We also tested whether JNK1 can stimulate egr-1 promoter activity and whether Elk-1 is required. The antibody (lower panels) as described in Figure 3 reporter plasmid pEGR-1.1.2-CAT, expression plasmids JNK1 and/or MEKK1, an upstream kinase in JNK pathway (Lange-Carter et al., 1993) , were cotransfected with or without Elk-1 into NIH3T3 cells. CAT assays were performed and the results are shown in Figure 7 . Elk-1 and JNK1, either alone (lanes 2 and 3 respectively) or together, (lane 4) did not stimulate the reporter CAT activity. However, the CAT activity increased approximately threefold in cells transfected with MEKK1 and JNK1 in the presence of Elk-1 (lane 6), but did not increase in the absence of Elk-1 (lane 5). These results suggest that JNK1 activated by MEKK1 also stimulates egr-1 expression through the activation of Elk-1. Eect of stress on Egr-1 DNA binding activity
As described in Figure 2b , both the amount and phosphorylation of Egr-1 protein increased after treatment of the cells with stresses. Since as a transcription factor itself, phosphorylation of Egr-1 is important for its function. The eect of these stresses on the Egr-1 DNA binding activity was therefore examined. Nuclear extracts from arsenite-treated cells were prepared and subjected to DNA binding mobility shift assay as described previously (Cao et al., 1993) . In Figure 8a , a dose-dependent increase in Egr-1 DNA binding was observed in the arsenite-treated cells. The time course showed a maximum binding after 2 h treatment which was maintained up to 3 h (Figure 8b , lanes 5 and 6). The data indicate that the induction and phosphorylation of the Egr-1 protein by stress resulted in an increase in the Egr-1 DNA binding activity. A similar increase in DNA binding activity was also observed with heat shock at 428C for 1 h in NIH3T3 cells (data not shown). Collectively, these results indicate that stress treatments result in an induction of Egr-1 protein synthesis and its phosphorylation which lead to an increase in its DNA binding activity.
Discussion
We and others have previously reported that egr-1 expression can be induced by TNF-a (Cao et al., 1992a) and by a serine/threonine protein phosphatase inhibitor, okadaic acid (Herschmann et al., 1989; Cao et al., 1992b) . The egr-1 gene has also been reported to be induced by diverse types of DNA-damaging agents including U.V. light , ionizing radiation (Hallahan et al., 1991; Datta et al., 1992) , and ara-C (Kharbanda et al., 1993) . However, the induction of egr-1 by environmental stress, such as heat shock, or chemical stress such as sodium arsenite, has not been reported and also the signaling pathways involved in the egr-1 induction by pro-in¯ammatory cytokines and stress have not been elucidated, although Ras and protein kinase C pathways have been suggested to be involved in egr-1 induction by U.V. radiation . Recently, several MAP kinase subfamilies including p38 (also called RK or CSBP) and JNKs (also called SAPKs) which are activated by environmental stresses and pro-inflammatory cytokines have been cloned and characterized (Kyriakis et al., 1994; DeÂ rijard et al., 1994; Hibi et al., 1993; Han et al., 1994; Lee et al., 1994; Rouse et al., 1994; Freshney et al., 1994; Raingeaud et al., 1995) . TNF-a and U.V. were shown to activate p38 and JNK and okadaic acid was subsequently shown to activate JNK (Cano et al., 1994) . DNA-damaging agents, such as ionizing radiation, also activate JNK (Kharbanda et al., 1995a,b; Chen et al., 1996) and p38 (Pandey et al., 1996) . These data suggest that p38/JNK pathways may be involved in the induction of egr-1 by these reagents. The goal of our study is to investigate whether egr-1 is one of the nuclear targets of stress signaling pathways and the possible function of egr-1 in cellular response to stress. As the ®rst step, we tested the egr-1 induction by various stress treatments in NIH3T3 cells (Figures 1  and 2 ). In parallel, we also examined the activation of the three subtypes of MAP kinases under similar conditions in the same cell lines (Figures 3 and 4) . Our results provide a side by side comparison of egr-1 induction and p38/JNK activation in NIH3T3 cells by stress treatments such as heat shock, sodium arsenite, anisomycin and U.V. radiation. Another cell type, human carcinoma cell A431, was also used to further test the correlation of egr-1 induction and activation of p38/JNK. Both induction of egr-1 expression and the activation of p38 and JNK1 by sodium arsenite were observed in a dose-dependent manner (not shown), suggesting that the correlation between activation of p38/JNK and egr-1 expression is not restricted to one cell type. In addition, the p38 kinase was originally identi®ed as a downstream target of TNF, LPS and hyperosmolarity signaling pathways in pre-B and cells of monocytic origin (Han et al., 1994) . Since the egr-1 expression is also stimulated by LPS (not shown), heat shock ( Figure 1 ) and TNF-a (Cao et al., 1992a) , the activation of p38 by these treatments was also tested. Our results showed that LPS (10 ng/ml), heat shock (428C), and NaCl (0.2 M) induced strong tyrosine phosphorylation of p38 in NIH3T3 and A431 cells, and a weaker phosphorylation of JNK1 was also observed by these treatments (data not shown). These data provide further evidence of a correlation between p38/JNK activation and egr-1 induction by stress. On the other hand, our results showed that phorbol ester PMA, an activator of PKC, strongly stimulated ERK2 phosphorylation, but did not activate p38 and JNK1 (data not shown). Since ERK2 is not activated by the stress treatments we have tested, it is unlikely that PKC is involved in egr-1 induction in the NIH3T3 cells. On the other hand, c-Abl and phosphatidylinositol (PI) 3-kinase have been suggested to be involved in the activation of JNK1 and/or p38 (Kharbanda et al., 1995a,b; Pandey et al., 1996) , but it is not known whether these are required in the egr-1 induction by stress.
In the cell lines which we have tested (NIH3T3 and A431), the stress treatments which activate p38 can . Cells were harvested and the CAT activities were analysed as described in Materials and methods also activate JNK1 (Figures 3 and 4) . Inhibitor of p38, SB 203580, inhibited egr-1 induction by anisomycin dramatically, but weakly by U.V. (Figure 5a ), indicating that p38 may be the major MAP kinase involved in egr-1 induction by anisomycin, whereas JNK1 may be involved by U.V. These data indicate that although both p38 and JNK1 are usually activated simultaneously by various stress treatments, the induction of the immediate-early genes by dierent stress may preferentially be mediated through dierent stress-induced MAP kinases. c-fos, a prototype immediate-early gene, is rapidly induced by various extracellular stimuli including growth factors, cytokines, phorbol ester and stress factors. Serum response element SRE is the major regulatory element located in the c-fos promoter which is recognized by serum response factor SRF and ternary complex factors, a family of ETS-domain transcription factors (see Treisman, 1995 for review) . Elk-1 is a member of the TCF family which is phosphorylated and therefore activated to form ternary complex with SRF and SRE by ERKs, JNKs and p38 in response to a variety of extracellular stimuli (Janknecht et al., 1993; Whitmarsh et al., 1995 Whitmarsh et al., , 1997 . There are six SRE-like sequences ) and a few TCF binding sites in the egr-1 promoter region. Two TCF sites are located at 5' anking region of SRE 6 (the most distal SRE to the transcriptional starting site) one at the 3'¯anking region of SRE 6 and one at 3' of SRE 3. No obvious TCF sequence is found around the other SREs. It has been reported that the ®rst two or three distal SREs are functional in the ara-C and X-ray response (Kharbanda et al., 1993; Datta et al., 1992) . Consistently, we also detected that the ®rst two distal SREs are important for induction of egr-1 by sodium arsenite (not shown). However, it was unclear whether Elk-1 is involved in egr-1 induction by growth factors and stress. Our results obtained from mobility shift DNA binding and CAT assays suggest that Elk-1 Figure 8 Sodium arsenite aects Egr-1 DNA binding activity. Nuclear extracts were prepared from NIH3T3 cells treated with either (a) dierent concentrations of sodium arsenite for 1 h or (b) 25 mM sodium arsenite for various time points as indicated on top of the panels, and subjected to DNA mobility shift assay using a 32 P-labeled probe containing Egr-1 binding sequence as described in Materials and methods positively regulates egr-1 expression induced by stress and growth factor through its activation by p38/JNK and ERK2 respectively (Figures 5 ± 7 and not shown). However, since there are six SREs present in the egr-1 promoter, whether Elk-1 form ternary complex with each SRE in dierential stimulation by various factors and whether the binding is equal to each SRE, are not known. Furthermore, in addition to Elk-1, the other family member of TCF, Sap-1a, has been reported to be phosphorylated by p38 and involved in the c-fos expression through SRE in human embryonal kidney 293 cells (Janknecht and Hunter, 1997) . It is also possible that Sap-1 and/or other unidenti®ed members of TCF regulate egr-1 expression via its SREs. Answers to these questions will enhance our understanding of the mechanism how signals of mitogens and stress elicit the nuclear responses.
Prokaryotic and eukaryotic cells respond rapidly to environmental stress. Severe stress can inhibit DNA, RNA, and protein synthesis and can eventually kill the cells (Van Wijk et al., 1985 . Xia et al. (1995) reported that JNK and p38 MAP kinase activation are involved in the induction of apoptosis in PC-12 cells. Furthermore, persistent activation of JNK1 was involved in g radiation-induced apoptosis (Chen et al., 1996) . Since p38/JNK activities and egr-1 expression are both induced, and that the Egr-1 protein is hyperphosphorylated and the DNA binding activity is enhanced, it will be interesting to see whether egr-1 may play a role in the process of cell death, which is currently under investigation.
Materials and methods
Cell cultures and reagents
NIH3T3 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) with 10% fetal bovine serum (FBS, Hyclone, Logan, UT). The cells were rendered quiescent by incubating them in DMEM containing 0.5% FBS for 48 h after the cells reached a con¯uency of about 90%. The quiescent cells were treated with dierent reagents and harvested for preparation of RNA, nuclear extracts or total cell lysates. Recombinant mouse TNF-a was purchased from Genzyme Corp. (Cambridge, MA). Sodium arsenite was purchased from Sigma Chemical Corporation (St Louis, MO). Anti-phosphotyrosine antibody (4G10) was purchased from Upstate Biotechnology (Lake Placid, NY). Anti-ERK2 monoclonal antibody was purchased from Transduction Laboratories (Lexington, KY). Goat and rabbit anti-ERK2 polyclonal antibodies, anti-p38, JNK1, p-JNK (Thr-183 and Tyr-185) and Egr-1 (588) antibodies, and the substrates GST-ATF2 (1 ± 96) and GST-c-Jun (1 ± 79) for kinase assays, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Preparation of RNA and Northern analysis
Total cytoplasmic RNA was isolated by a one-step guanidinium thiocyanate/phenol/chloroform method (Chomczynski and Sacchi, 1987) and the Northern analysis was performed as described previously (Cao et al., 1992a) . The blots were autoradiographed and quantitated using the Bio-Rad GS700 Imaging Densitometer.
Immunoprecipitation and immunoblotting
Preparation of total cell lysates, immunoprecipitation and immunoblot were performed as described previously (Cao et al., 1996) . In brief, after various treatments, the cells were washed three times with cold phosphate-buered saline (PBS) and lysed in 1.0 ml RIPA buer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.2), 1% deoxycholic acid, 1% Triton X-100, 0.25 mM EDTA (pH 8.0) and the protease and phosphatase inhibitors (5 mg/ml leupeptin, 5 mg/ml aprotinin, 2 mg/ml pepstatin A, 1 mM phenylmethylsulfonyl¯uoride (PMSF), 5 mM NaF and 100 mM sodium orthovanadate). The cell lysate containing 0.5 ± 1.0 mg of protein was incubated with the appropriate antibody overnight at 48C followed by incubation with protein-A (Sigma) or protein G PLUS/protein A-agarose (Oncogene Science, Cambridge, MA) for 1 ± 3 h. The immunoprecipitates were washed twice with RIPA buer and twice with cold PBS. The proteins were eluted and separated by SDS ± PAGE and transferred to polyvinylidene di¯uoride (PVDF) membrane. The membrane was blocked with PBS containing 0.1% Tween-20 and 1% BSA before incubating with the appropriate antibodies. The bound antibodies were visualized by using the Amersham ECL kit (Amersham International, Buckinghamshire, UK). Also, total cell lysates were prepared by adding equal amount of 26 Laemlli Buer to the total cell lysates, boiled for 5 min, separated by SDS ± PAGE and transferred to PVDF membrane. For Egr-1 (588) immunoblot, the membrane was blocked in PBS containing 5% skim milk and 0.1% Tween-20 overnight at 48C before incubating with the egr-1 (588) antibody.
DNA transfection and CAT assays
Transfection of the plasmids to NIH3T3 cells was performed with lipofectamine reagent (GIBCO ± BRL Life Technologies, Gaithersburg, MD) following the manufacturer's instruction. pMKK3(E) expressing a constitutively activated human MKK3 mutant in which serine 189 and threonine 193 were replaced by glutamic acid and pcDNA3.p38 containing a mouse p38 cDNA (Han et al., 1994) were obtained from Dr J Han (The Scripps Research Institute, CA, USA). MEKK1 expression plasmid was provided by Dr R Janknecht (The Salk Institute, MBVL, CA, USA), and the pSRa-HA-JNK1 (Minden et al., 1994) was obtained from Dr A Whitmarsh (University of Massachusetts, Worcester, MA, USA). The ERK2 expression plasmid pcDNA3-ERK2 was prepared by inserting the ERK2 coding sequence from plasmid pBA4 into pcDNA3 (Invitrogen, San Diego, CA). The Elk-1 expression plasmid MLV-Elk-1 (Marais et al., 1993) was obtained from Dr R Treisman (Imperial Cancer Research Fund, London, UK). The cells were co-transfected with either 0.5 mg (for p38) or 1 mg (for JNK1) of pEGR-1.1.2-CAT, 1 mg of expression plasmids, and 1 mg of pCMV-b-gal, and the total amount of DNA was added to 5 mg per plate with control plasmid pcDNA3. The cells were maintained in DMEM with 0.5% FBS after 5 h of transfection, and harvested 40 h later. The cell extracts were prepared for b-galactosidase activity and CAT assays. The amount of cell extract used in each CAT assay was normalized with equivalent b-galactosidase activity. Acetylated and nonacetylated forms of [ 14 C]chloramphenicol were separated by thin layer chromatography, followed by autoradiography and quantitation using a Visage 2000 Image System (BioImage Products, Ann Arbor, MI) and Bio-Rad GS700 Imaging Densitometer.
Whole cell and nuclear extraction and mobility-shift DNA binding assay Whole cell extracts were prepared for analysing the activation of Elk-1 in a mobility shift DNA binding assay as described (Marais et al., 1993) with minor modi®cations.
The core SRF protein was prepared from a plasmid encoding for GST-core SRF (Gille et al., 1992) . The GST-core SRF was anity puri®ed using glutathione Sepharose beads and cleaved from GST with thrombin (100 U/ml) overnight at 48C. The core SRF protein was washed repeatedly with 50 mM Tris-HCl (pH 7.4) using Centripep 10 (Amicon, Inc, Beverly, MA) and centrifugation at 3000 r.p.m. at 48C for 30 min. The puri®ed core SRF (1.3 ng) was used in each DNA binding reaction. Transfected NIH3T3 cells were left in the DMEM media with 0.5% FBS for 40 h before harvesting. All the procedures were performed at 48C. The cells were washed twice with cold PBS, lysed with 75 ml of Buer E (20 mM HEPES pH 7.9, 5 mM EDTA, 10 mM NaF, 0.1 mg/ml okadaic acid, 10% glycerol, 1 mM dithiothreitol, 0.4 mM KCl, 0.4% Triton X-100 and protease inhibitors including 5 mg/ml leupeptin, 5 mg/ml aprotinin, 5 mg/ml pepstatin A, 1 mM benzamidine, 50 mg/ml PMSF) per 60 mm dish. The extracts were sonicated using an ice-waterbath sonicator, pulsed at 10 s for four times, and subjected to centrifugation at 14 000 r.p.m., 48C for 5 min. The supernatant was collected and used for mobility shift DNA binding assay. The whole cell extract (25 mg) was mixed with 300 ng poly (dI-dC. dI-dC), 2 mM spermidine, 1.33 mM EDTA, 1.3 ng core SRF and 0.16 of Dz Buer (25 mM HEPES pH 7.9, 20% glycerol, 2 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM ZnCl 2 and 0.2 mM EDTA) and incubated on ice for 10 min.
32 P-labelled Egr-1 SRE6 probe (100 000 c.p.m.) was added to each tube and the ternary complex was allowed to form for 30 min at room temperature. The reaction was stopped by adding 3 ml of loading dye and the samples were loaded onto a 4% 40 : 1 acrylamide : bisacrylamide gel and run for 2 h and 45 min at 48C in 0.56TBE. The gel was dried followed by autoradiography. For nuclear extraction and mobility shift DNA binding assay for Egr-1 protein, quiescent cells were treated with sodium arsenite or heat shock for various times. The nuclear extracts were prepared and the mobility shift DNA bindng assays were carried out as described previously (Dignam et al., 1983; Cao et al., 1993) .
Kinase assays
NIH3T3 cells were quiesced in 0.5% FBS/DMEM for 24 h prior to treatment. Cells were left untreated or treated with U.V. (60 J/m 2 for 30 min), sodium arsenite (500 mM for 60 min) or anisomycin (25 ng/ml for 45 min). Cells were lysed in 0.5 ml of RIPA buer with protease inhibitors listed above. The total protein (1.5 mg) was immunoprecipitated with either 1.5 mg of anti-p38 or 2 mg of anti-JNK1 antibodies overnight at 48C, followed by incubation with 30 ± 40 ml of protein G PLUS/protein Aagarose for 1 h. The immunoprecipitates were washed twice with RIPA and once with cold PBS. The beads were then resuspended in 50 ± 100 ml of PBS and divided into two halves. One half of the immunoprecipitates were boiled in 26Laemlli Buer for 5 min and separated by 10% SDS ± PAGE, transferred to PVDF membrane and subjected to Western blotting/ECL. The other half of the immunoprecipitates were washed with kinase assay buer (20 mM HEPES, pH 7.3, 20 mM MgCl 2 , 20 mM bglycerolphosphate, 0.2 mM sodium orthovanadate, 2 mM DTT) and subjected to solid phase kinase assay. The kinase reactions were performed in 20 or 30 ml of kinase assay buer in the presence of 20 mM cold ATP, 5 mCi of [g-32 P]ATP and 2 mg of substrates (GST-ATF2 for p38 or GST-c-Jun for JNK1 immunoprecipitates) for 15 min at 308C as described with slight modi®cations (DeÂ rijard et al., 1995; Raingeaud et al., 1995; Hibi et al., 1993) . The reaction was stopped by adding equal amounts of 26Laemlli Buer, boiled for 5 min, separated by 12% SDS ± PAGE and transferred to PVDF membrane, followed by autoradiography.
